The possible impacts of modifications in rainfall patterns due to the greenhouse effect on the function of a sewerage system are studied based on a case study of the city of Lund, Sweden. The Storm Water Management Model is used to simulate changes in the runoff pattern. The paper lists the possible effects of increases in rainfall intensity on the urban water cycle, quantifies changes in the runoff pattern, and discusses the significance of detected changes in terms of economic and environmental consequences and the possibilities to undertake preventative measures. For the purpose of the present study, 10%, 20% and 30% levels of rainfall increase were assumed. In spite of considerable uncertainty regarding the potential future rate of hydrological changes, the examples given of possible impacts of the greenhouse effect on the function of the sewerage system bear witness to the great vulnerability of sewerage systems to the results of climate changes.
INTRODUCTION
The occurrence of the so-called greenhouse warming of the atmosphere must
Open for discussion until 1 June 1990 be treated as a scientifically proven fact. Currently, the questions posed by the scientists involved concentrate more on how large the effect will be and how quickly it will progress rather than if it will occur. Thus the possible impacts of the greenhouse effect should be urgently studied in order to minimize any damage by taking adequate steps and measures.
At the Department of Water Resources Engineering, University of Lund, a growing interest in the consequences of a global climate change has evolved and resulted in several research projects (Lindh & Hanson, 1987; Lindh, 1989) . An immediate question which arises during such studies is whether the effects of minor climate changes can be detected within a context of high natural variability. Another question is whether the accuracy of hydrological models used for simulation of future scenarios is good enough to reproduce such effects. Questions of this kind have been stated before, especially within the context of the hydrology of rural basins (US National Academy of Sciences, 1977; Nëmec, 1985) .
As far as the hydrology of urban areas is concerned, due to the great spatial variability of rainfall and catchment characteristics, it is probably impossible to reproduce accurately a sequence of rainfall-runoff occurrences which takes into account moderate climatic changes. Thus the problem must be approached on a statistical basis, considering statistically developed rainfall inputs (for example, design storms with a known return period) and their modifications due to the greenhouse effect according to assumed scenarios.
Since most runoff from urban catchments is generated on impermeable areas, the roles of vegetational cover, albedo, évapotranspiration and infiltration are less important on urban catchments compared with rural areas. Thus mathematical models of urban catchments may use simplifications in the mathematical formulation of those processes without serious errors. However, the hydraulic part of urban models, dealing with flow routing through conduits and different structures in the sewerage system, is of great importance with respect to the accuracy of runoff simulations.
Mathematical models used in urban hydrological applications and transfer functions used in these models have been proved to be accurate enough to represent major hydraulic and hydrological processes taking place in sewerage systems. However, detailed data describing the physical characteristics of a catchment, as well as the measured rainfall-runoff data used to calibrate a model, are necessary.
The detailed knowledge gained in previous projects concerned with the urban catchment of the city of Lund (Hogland & Niemczynowicz, 1980; Niemczynowicz & Falk, 1981; Niemczynowicz, 1984) gives the opportunity to test the possible impacts of modifications in rainfall patterns due to the greenhouse effect on the functioning of a sewerage system. The Storm Water Management Model (Huber et al, 1981) , which was calibrated on real rainfall-runoff data in Lund, has now been used to simulate changes in the runoff pattern.
The purposes of the study are: (a) to discuss the possible effects of increases in rainfall intensity as a result of the greenhouse effect on the urban water cycle exemplified by the case of the city of Lund;
(b) to simulate runoff hydrographs from the Lund catchment using statistically increased rainfall inputs in order to quantify changes in the runoff pattern; and (c) to discuss the significance of any detected changes in terms of their economic and environmental consequences and the possibility of undertaking preventative measures. The paper does not aim to contribute to the discussion about the possible impacts of the greenhouse effect on regional climate modification. The probable climatic scenarios constitute only a starting point for further computations. Thus this study examines the sensitivity of urban sewerage systems to moderate changes in rainfall patterns. The quantitative results obtained may be site-specific but the tendencies found should be common to any sewerage system.
POSSIBLE INFLUENCE OF THE GREENHOUSE EFFECT ON AN URBAN CATCHMENT
Two main aspects of the greenhouse warming may influence the performance of urban systems: (a) sea level rise; and (b) change in water budget components.
The possibility of sea level rise certainly creates one of the most dramatic future scenarios for coastal cities. Since many large cities of the world are so situated, studies of the impact of rises in sea level may be of vital importance. Such impacts have been studied by Lindh & Hanson (1987) who concluded that serious erosion of coasts may be expected. Harbours and cities situated near the coast would be significantly disturbed. The impacts of rises in sea level on coastal drainage systems have been reported by Titus et al. (1985) ; one of the conclusions being that, without the construction of levees and stormwater pumping stations, the coastal cities investigated cannot be protected against flooding due to assumed rises in sea level between 0.3 and 1.6 m. The problem of impacts caused by rises in sea level goes beyond the scope of the present paper which deals instead with the effects of increased rainfall due to the greenhouse effect on a city situated above the possible influence of sea level rises.
Shifts in the mean temperature will result in changes in all components of the hydrological cycle. Considering inputs to the system, the main changes will involve precipitation, evaporation and infiltration. The hydrological cycle of urban areas is characterized by smaller storage and enhanced runoff in comparison with rural basins. If the rainfall increases, further decreases in the storage capacity of the soil and enhanced runoff can be expected. Increased infiltration will result in higher soil moisture content and raised groundwater level. Changes of évapotranspiration and albedo will be less important on urban catchments than on rural basins.
During rainfall events up to a 3 year return period, the runoff from urban catchments situated in the temperate climate zone is mainly created on the impermeable surfaces. Thus, the contribution from permeable surfaces is usually neglected in runoff simulations using models for pipe design purposes.
The contribution from permeable surfaces to the runoff increases with the return period of the rainfall and it begins to be an important element in the runoff due to rainfalls of, roughly speaking, about 10 years return period. During rainfalls of about 100 years return period, the urban catchment may behave as a totally impermeable catchment -infiltration losses become negligibly small. If the pattern of rainfall intensity increases, the situation when the permeable surfaces contribute to the runoff would occur more often -the return period of runoff occurrences may decrease even more than that of rainfall. Increased infiltration leads to a rise in the groundwater level and, in consequence, to an increase of leakages to the sewerage system which additionally reduces the capacity of the pipes. The amount of water to be treated at water treatment plants may not necessarily increase. Combined sewer overflows will increase. Pollution releases to receiving waters will be enhanced due to intensified wash off from the surface and from combined sewer overflows.
The conduits of a sewerage system are designed to dispose of certain flows during rainfalls with known return periods (usually 3-5 years). What happens when the rainfall pattern increases is that the negative effects of exceeding the conduit capacity, expressing themselves in basement and street flooding, will occur more often than the design return period. This will cause legal, economic, technical and environmental problems.
POSSIBLE CHANGES IN RAINFALL INPUT
According to many existing projections, the carbon dioxide content in the lower atmosphere has increased by about 15% during the last century and is continuing to increase exponentially. Between 1958 and 1985, C0 2 concentrations have increased from 315 ppm to 346 ppm -an annual increase of about 1.5 ppm (WMO, 1979; Webster, 1985; Everest, 1988; Laurman & Rotty, 1983; Everest, 1988) . According to many climatologists, in the case where the atmospheric content of C0 2 doubles, the rainfall over continents above 50° latitude may double or even quadruple (Nëmec, 1985; Manabe & Wetherald, 1980) . However, on a shorter time scale, during the next (say) 20 years, more moderate climate variations and subsequent increases in precipitation may be expected. Budyko (1980) considers that an increase of temperature by 1 to 3°C would result in an increase in precipitation between 10 and 30%. For this reason, precipitation increases by 10 to' 25% were assumed in sensitivity studies performed by Nëmec & Schaake (1982) . The increases of precipitation in Europe due to a doubling of CO z during the next 100 years were calculated using the General Circulation Model developed at the Godard Institute for Space Studies (the GISS-model) (Olejnik, 1988) . For the latitude of southern Sweden, the calculated precipitation increases were between 20 and 33%. Another output of the GISS model with about 20 grid points covering Fennoscandia shows increases of annual precipitation of 150 to 300 mm. The changes are greatest (up to 40%) in the inner parts of the region and smallest (below 20%) on the western coast of Fennoscandia (Koster & Lundberg, 1987) .
Since most of the studies known to the author show precipitation increase as a most probable result of the greenhouse effect in Scandinavia, 10%, 20% and 30% levels of rainfall increase were assumed for the purpose of the present study. Increases in rainfall volumes may be obtained by increase of intensity or duration, or both. Since the time of concentration of a catchment depends on catchment characteristics, the duration of the design storm is usually fixed for any particular catchment. An increase of rainfall intensity would influence the operation of a sewerage system to a higher degree than an increase of duration. There is some evidence that convective raincells have similar areal extension in different climatic conditions (Bengtsson & Niemczynowicz, 1986) , although rainfall volumes given by single raincells seem, however, to increase in a warmer climate. This means that, assuming that cloud velocity remains unchanged when climate changes, an increase of rainfall volumes is obtained by an increase of intensities while point-durations remain unchanged. Since convective rainfalls produce most of the severe runoff events in southern Sweden, a proportional increase in rainfall intensity was assumed, while the duration of the design storms used was kept constant during all runs. However, it must be realized that the operation of storm water attenuating facilities (detention ponds and basins, roof storage, etc) would also be disturbed if rainfall duration increases.
RUNOFF MODEL
In order to quantify the above-mentioned negative effects of rainfall intensity increase due to atmospheric warming, the runoff from the Lund catchment was simulated using the Storm Water Management Model (SWMM) developed by the US Environmental Protection Agency (EPA) (Huber et al, 1981) . The SWMM is a physically-based distributed model which uses kinematic wave equations for the simulation of runoff from urban surfaces and in sewers. Water "losses" are calculated as depression storage and Hortonian infiltration. The model was carefully calibrated during previous projects using several recorded rainfall-runoff occurrences (Niemczynowicz & Falk, 1981; Niemczynowicz, 1984) .
The Lund catchment has a total area of 1769 ha with 525 ha of impervious area and 1244 ha of permeable area. The average imperviousness is thus 29.7%. The catchment is provided with combined sewers in the city centre (about one-third of the total area) and with separated sewers in newer parts of the city and in the suburbs. For the purpose of modelling, the catchment was divided into 44 subcatchments. Altogether 78 conduits, 72 manholes and 9 combined sewer overfall structures were included in the model runs (see Figs 1 and 2) . Groundwater infiltration to the sewers and daily fluctuations of dry weather flow due to waste water flow in combined sewers were also simulated for both unchanged and changed climate conditions.
RUNOFF SIMULATIONS
Several runs of SWMM were performed to simulate the influence of increased rainfall intensity on runoff from different parts of the Lund catchment. During the first series of runs, block rainfalls with constant intensity over a total duration of 40 minutes were taken as input. Block rainfall intensities were taken from areal intensity-duration-frequency (IDF) curves developed for Lund during previous projects (Niemczynowicz, 1984) . During the sequence of runs, 0, 10, 20 and 30 per cent of rainfall intensity increase was added to block rainfalls of 1, 3, 6 and 10 years return period. Table 1 shows the results of these runs; volumes of chosen runoff components and percentage of changes are given. Figure 3 shows the results of these runs in graphical form. From Table 1 and Fig. 3 , several interesting features of the runoff regime from the Lund catchment may be noticed. An increase of rainfall intensity by 30% is roughly equal to an increase in the return period of a rainfall event by a factor of two. For example, a design rainfall of 1 year return period increased by 30% will be equivalent to a 2 year rainfall; a 10 year rainfall enhanced 30% will be equivalent to a 22 year rainfall, and so on. Runoff components, however, increase usually at different rates compared with the rainfall.
Results of runs using block rainfalls as input
The highest rate of increase, which significantly exceeds the rate of rainfall increase for all return periods tested, is observed for the combined sewer overflows (CSO). In the case of a 1 year rainfall, the rate of increase of CSO volumes is double the increase of rainfall. The explanation is that CSO structures in Lund are constructed as side crested weirs with long (up to 6 m) crests; even a small increase in water level in conduits results in a large increase of diverted flow. This means that the CSO volumes will increase significantly even during a moderate increase of rainfall intensities. The pollution load carried by the CSO will also increase.
The total inflow to the sewerage system in the city (J, Fig. 3 ) increases steadily at a rate that is slightly higher than the rate of rainfall increase. This may be explained by an increased contribution to the runoff from the permeable surfaces and by an increased groundwater leakage to the pipes during more intensive rainfalls. A similar pattern can be noticed in respect of the flow from a separated system (SS).
The flow from the combined system (CS) increases more slowly than the rainfall during rainfalls with return periods of about 1-6 years. For a 10 year 
Fig. 3 Relative increase of flow components as a result of increased rainfall intensity (block rainfall as input).
rainfall, however, the rate of increase is faster than that of the rainfall. An explanation of this may be found in the construction of the CSO structures in the sewerage system in the city of Lund: the capacity of long side crested weirs is limited by their height: during moderate rainfall intensities, the CSO structures divert overflowing volumes to the separated system. During heavy rainfalls with a return period of about 10 years, the CSO structures become submerged and cannot divert any further volume. An undiverted surplus of water thus continues in the combined conduits and eventually arrives at the water treatment plant. This means that overloading of water treatment plants, resulting in decreased treatment efficiency, will occur more often when the rainfall intensities increase. However, during a 1-6 year rainfall, the rate of increase of overloading will be less than the rate of rainfall increase.
Results of runs using "Chicago Design Storm" as input
As stated earlier, block rainfalls with constant intensity were used in the runs presented above. Real storms are, of course, different. The so-called "Chicago Design Storm" (CDS), (Keifer & Chu, 1957) , which is often used to design sewerage systems, tries to reproduce the usual time pattern of real rainfall by making rainfall intensity vary during its duration. CDS is characterized by a high peak and exponentially decreasing intensity on both sides of the peak The CDS design storm with a 3 year return period was developed for the city of Lund based on areal intensity-duration-frequency curves developed by Niemczynowicz (1982) . The 3 year CDS design storm was used as an input to further SWMM runs. Figure 4 shows the results of these runs in the form of runoff hydrographs. Table 2 shows the rates of increase in flow volumes as a result of increases in rainfall intensity by 10, 20 and 30%. Figure 5 shows the increase of chosen flow components in graphical form. It can be noticed that "peaky" CDS rainfall gives a sharper increase of combined sewerage overflow volumes compared with the case when block rainfalls were used. This can be explained by the fact that CDS gives higher peak flow and, consequently, higher overflowing volumes. Other tendencies in the changes of flow pattern due to rainfall intensity increase are similar to those shown during runs using block rainfalls.
Runoff from an urban catchment is usually discharged to the receiving waters by the sewerage system. The presence of major surface runoff is usually a result of system failure. The surplus surface runoff water can be easily calculated from the SWMM output by summing up the water volumes stored in the upstream conduit elements during periods of pipe surcharge. In 
Fig. 5 Relative increase of flow components as a result of increased rainfall intensity (Chicago Design Storm as input).
order to find all the surcharging pipes in the system during one event, a special modelling sequence was used; the first run was performed with real diameters for all conduits; in several consecutive runs, surcharging pipes were enlarged in a sequence from the upstream end of the system downstream. This procedure simulated bypass runoff which occurs on the surface when the capacity of pipes is significantly exceeded. The sewerage system in Lund is designed for rainfalls of 2 or 3 year return periods. Thus for such rainfalls the capacity of the conduits is sufficient and no surcharge conditions occur. During a 3 year rainfall, two conduit sections surcharge. The surplus volume of water is stored in upstream conduits and no surface runoff occurs. An increase of rainfall intensity above the 3 year return period value leads to an increased number of conduit sections beginning to surcharge. Surplus water volumes increase and surface flooding occurs. Figure 6 shows the flooded conduits when an increase of rainfall intensity by 10, 20 and 30% above the 3 year value was simulated. The simulated flooding is a result of an increase in surface runoff as well as in groundwater leakage to the pipes.
From Fig. 6 it can be noticed that increases of rainfall intensity by 20 and 30% bring significant flooding problems to the sewerage network in Lund. More than 50% of the city centre area and 6820 m of conduits are flooded when the 3 year rainfall is increased by 30%. However, in reality, the total volume capacity of the system was not used in the simulations. Surplus water volumes which reach the receiving waters by surface runoff amount to about 20% of the rainfall volume during such an event, i.e. about 120 m 3 x 10 6 of water are disposed of by surface flow. This can increase pollution problems due to the wash off of pollutants from the permeable surfaces and create erosion problems. Increased flooding of basements and damage to private property would cause increased insurance costs and legal problems. In order to avoid flooding in the city, new conduits must be constructed. One of the possible measures which can be taken immediately is to increase the use of an alternative design of new stormwater systems involving detention facilities located high upstream in order to spare the capacity of the system for future rainfall increases. In order to reduce pollution problems resulting from increased runoff, the capacity of sewerage treatment plants must be increased. This leads to obvious economic consequences.
ENVIRONMENTAL CONSEQUENCES
The quantity and quality of runoff from the city of Lund were thoroughly studied during previous projects (for example Hogland & Niemczynowicz, 1980) ; Niemczynowicz & Falk, 1981) . Knowing the rate of increase of runoff components due to increases of rainfall intensity it is possible to estimate pollution loads which may be expected when the rainfall intensity increases.
An increase of pollution release to the receiving waters will take place even if one assumes that total pollution production on surfaces will not increase. Increased runoff from permeable surfaces will increase wash off of organic matters and suspended solids. Since combined sewer overflows will divert more water, larger volumes of polluted water will be released directly to the receiving waters. This effect can be seen when studying Figs 3 and 5: the rate of increase of flow from the combined system is smaller than the rate of rainfall increase, which is compensated by a higher rate of increase of flow from the separate system and from the CSO. Some of the pollution loads which, under present conditions, go through the water treatment plant will, after an increase in rainfall intensity, go directly to the receiving waters. This will increase total pollution loads. Table 3 shows pollution loads from the city of Lund assuming the increase of pollution concentrations in stormwater to be proportional to the increase of stormwater flow.
The total yearly increase of pollution loads from stormwater and from combined sewer overflows, assuming a 30% increase of rainfall, can be roughly estimated as:
increase An increase of pollution release from sewer treatment plants will also occur; partly by direct increase of water volumes flowing from combined sewerage systems, and partly because the efficiency of treatment will be reduced.
Increases in peak flow during short periods with high intensity rainfalls will also increase the risk of toxic effects on the ecological systems in the receiving waters, especially during periods with low flow in rivers.
DISCUSSION AND CONCLUSIONS
The city of Lund is situated at an altitude that prevents one major impact of the greenhouse effect, namely the rise in sea level, from influencing the function of the sewerage systems in this city.
Nevertheless, the normal functions of the sewerage systems in Lund, as well as in other cities situated at similar altitudes, will be significantly disturbed if the rainfall intensity increases due to the greenhouse effect.
An increase of mean temperature will result in changes in all components of the hydrological cycle. The hydrological cycle of urban areas, which is characterized by fewer storage elements in comparison with rural basins, responds with further decreases of storage capacity and enhanced runoff.
Major changes which can be expected in the hydrological cycle of an urban area in situations of rainfall intensity increase were exemplified by the case study of the city of Lund. Different elements of urban runoff increase at different rates; some of the elements increase at much higher rates than the rainfall increase. An increased contribution of runoff from permeable surfaces and increased leakages to conduits are major reasons for the total inflow to the sewerage systems increasing at higher rates than the rainfall. The volumes of combined sewer overflows increase at the highest rates. This will result in environmental, economic and legal consequences.
The stormwater system in Lund is designed for further development of the city, and thus some parts of the system are overdesigned. Nevertheless, increases of rainfall intensity by 20 and 30% bring significant flooding problems to the city's sewerage network. In order to avoid flooding, about 3000 m of new conduits must be constructed. The efficiency of sewerage treatment plants will be reduced due to increased inflow volumes. In order to avoid serious environmental problems, the capacity of the sewerage treatment plants must be increased. The costs of constructing new conduits in Lund, assuming an average cost of 2600 SKr m" 1 conduit would be about 20 million SKr. Expanding these costs to apply to the total country yields the incredible amount of 3.5 billion SKr. The costs of reconstructing sewerage treatment plants would also be very high. On top of this, the flooding of basements and streets would lead to the costs involved with the losses of and the damage to private and public property, the costs of legal procedures, etc. However, the price to pay for environmental damages in the case of neglecting preventative steps would probably far exceed all the above-mentioned costs.
The examples given of possible impacts of the greenhouse effect on the functioning of a sewerage system, in spite of considerable uncertainty regarding the potential future rate of hydrological changes, bear witness to the great vulnerability of these systems to the results of climate changes.
The main purpose of this paper is to call the attention of city planners to the problems which may occur in cities situated above the regions under the direct influence of sea level rise. Possible measures which may be taken immediately in order to reduce negative effects should include, first of all, further studies aiming at increases of recognition and understanding of future problems in the face of a high probability that future climate changes will really occur. Investigations of impacts in other cities should be performed.
One of the possible technical measures which can be taken immediately is to increase the use of alternative designs of new stormwater and sewerage systems, involving, for example, detention facilities and infiltration basins located high upstream of the urban catchments. This would relieve the sewerage system and leave spare capacity for future flow increases.
